Abstract Angiotensin II (Ang II), a major effector of the renin-angiotensin system, is now recognized as a pro-inflammatory mediator. This Ang II signaling, which causes transcription of pro-inflammatory genes, is regulated through nuclear factor-κB (NF-κB). At present, the molecular mechanisms underlying the effect of aging on Ang II signaling and NF-κB activation are not fully understood. The purpose of this study was to document altered molecular events involved in agerelated changes in Ang II signaling and NF-κB activation. Experimentations were carried out using kidney tissues from Fischer 344 rats at 6, 12, 18, and 24 months of age, and the rat endothelial cell line, YPEN-1 for the detailed molecular work. Results show that increases in Ang II and Ang II type 1 receptor during aging were accompanied by the generation of reactive species. Increased Ang II activated NF-κB by phosphorylating IκBα and p65. Increased phosphorylation of p65 at Ser 536 was mediated by the enhanced phosphorylation of IκB kinase αβ, while phosphorylation site Ser 276 of p65 was mediated by upregulated mitogen-activated and stress-activated protein kinase-1. These altered molecular events in aged animals were partly verified by experiments using YPEN-1 cells. Collectively, our findings provide molecular insights into the pro-inflammatory actions of Ang II, actions that influence the phosphorylation of p65-mediated NF-κB activation during aging. Our study demonstrates the age-related pleiotropic nature of the physiologically important Ang II can change into a deleterious culprit that contributes to an increased incidence of many chronic diseases such as atherosclerosis, diabetes, and dementia.
Introduction
Angiotensin II (Ang II), a major effector of the reninangiotensin system (RAS), is a potent vasoconstrictor. However, recent studies have shown that it is also a potent mediator in the activation of inflammatory mechanisms during age-related vascular and renal disease (Basso et al. 2005; Diz and Lewis 2008) . The use of Ang II antagonists in the treatment of these agerelated diseases provides strong support for its proinflammatory role (de Cavanagh et al. 2003 (de Cavanagh et al. , 2004 . The pro-inflammatory actions of Ang II are shown to mediate intracellular signaling pathways by binding to their specific receptor, Ang II type 1 receptor (AT1; Swanson et al. 1992; Stumpf et al. 2005) . Supporting evidence for receptor mediation comes from experiments in which AT1 knockout mice protected multiple organs from oxidative damage and alleviated the aginglike phenotype associated with increased life span (Cassis et al. 2010) .
The involvement of Ang II in oxidative stress was revealed in multiple ways. For instance, the interaction of Ang II and AT1 activates multiple intracellular signaling pathways involved in the production of reactive species (RS) that lead to the activation of transcription factors such as the redox-sensitive nuclear factor-κB (NF-κB). Another way relates to RS production in Ang II signaling through nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, which contributes to various pro-inflammatory cascade events. In addition, evidence from Ang II infusion that generates RS and compromises endogenous antioxidant enzyme activity with disrupted redox signaling in the rat kidney further supports the pro-inflammatory action of Ang II (Ferder et al. 2006; Alvarez et al. 2004) . Based on what is known about redox imbalances due to RS production and compromised antioxidative defenses, extensive alterations in cellular and molecular signaling pathways are expected in the regulation of redoxsensitive transcriptional activities such as activation of the pro-inflammatory factor NF-κB.
Reports from our laboratory on the modulation of NF-κB highlight inflammation during aging (Kim et al. 2002a, b; Chung et al. 2006) . Based on our own data and those of others, we proposed a molecular inflammation hypothesis of aging ) and described a central role for redox-sensitive NF-κB in the modulation of the gene expression of several pro-inflammatory cytokines. NF-κB is widely expressed in various mammalian tissues and can be activated by a variety of stimuli (Gilmore 2006) , particularly by oxidative stress . The inactive form of NF-κB, due to inhibitory subunits in the complex, is activated by at least two different pathways: (1) release of the inhibitory protein κBα (IκBα) by phosphorylation of κBα and (2) phosphorylation of another subunit, p65, of the NF-κB complex, without phosphorylation of IκBα (Chen and Greene 2004; Basseres and Baldwin 2006) . Previous studies show that Ang II's action on NF-κB activation is carried out by the phosphorylation of IκBα (RuizOrtega et al. 2006; Hoffmann et al. 2002; Luo et al. 2005) . However, Ang II-induced NF-κB activation by the phosphorylation of p65 is not established.
Other investigators have reported that p65 phosphorylation events occur in the cytoplasm due to the participation of various kinases. It is known that several pro-inflammatory stimuli, such as TNFα, UV light, and LPS, induce phosphorylation of p65 at the Ser 536 residue, which is triggered by IKKαβ phosphorylation in the cytoplasm. Recent studies indicate that Ang II also activates NF-κB through the phosphorylation of p65 at Ser 536, which is shown to be mediated by IKKαβ phosphorylation in various cellular models (Cui et al. 2006; Douillette et al. 2006; Wei et al. 2008 ). However, these findings are in contrast to earlier findings on TNFα showing Ser 276 phosphorylation by mitogenand stress-activated protein kinase-1 (MSK-1) in the nucleus (Viatour et al. 2005; Zhong et al. 2002) . TNFα phosphorylates the cytoplasmic extracellular response kinase (ERK) and p38 mitogen-activated protein kinase (MAPKs). ERK-dependent nucleic MSK-1 also undergoes phosphorylation by TNFα. However, at present, the mechanisms involving the action of Ang II on Ser 276 phosphorylation of p65 are not well delineated. In our previous studies, we reported NF-κB activation through Ser 536 phosphorylation of p65 during aging (Kim et al. 2010a, b; Lee et al. 2009 ), but age-related Ang II-induced molecular modulation of Ser 536 phosphorylation of p65 has not been explored.
The purpose of this study was to investigate the insight of the molecular events leading to Ang II through AT1 receptors and to explore how these molecular events are compromised by the proinflammatory effect of aging using kidney tissue. Thus, in the current study, we focused on agingrelated changes in the molecular effects of Ang II on NF-κB activation through p65 phosphorylation. 
Materials and methods

Reagents
Animals
Procedures for maintaining specific pathogen-free rats and chow dietary composition have been previously reported (Bertrand et al. 1999) . Briefly, male Fischer 344 rats were fed a diet having the following composition: 21% soybean protein, 15% sucrose, 43.65% dextrin, 10% corn oil, 0.15% α-methionine, 0.2% choline chloride, 5% salt mix, 2% vitamin mix, and 3% Solka-Floc fed ad libitum. Rats at 6, 12, 18, and 24 months of age were killed by decapitation, and the kidneys were quickly removed and rinsed in iced-cold buffer [100 mM Tris, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.2 mM PMSF, 1 μM pepstatin, 2 μM leupeptin, 80 mg/L trypsin inhibitor, 20 mM β-glycerophosphate, 20 mM NaF, 2 mM sodium orthovanadate, pH 7.4]. The tissue was immediately frozen in liquid nitrogen and stored at −80°C. The frozen kidney tissues was collected and supplied by Aging Tissue Bank. This study complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (publication no. 85-23) and was approved by an Institutional Animal Care and Use Committee. For the current study, we chose to use kidney tissue because of its vulnerability to agerelated oxidative stress and its redox-sensitive NF-κB. In addition, all components of the RAS are synthesized within the kidney (Carey and Siragy 2003; Kobori et al. 2007 ).
Tissue preparations
Three hundred milligrams of frozen kidney tissue was homogenized in 2 mL of hypotonic lysis buffer [buffer A: 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol (DTT), 0.1 mM EDTA, 0.1 mM PMSF, 1 μM pepstatin, 2 μM leupeptin, 20 mM β-glycerophosphate, 20 mM NaF and 2 mM Na 3 VO 4, 10 mM HEPES, pH 7.4] using a tissue homogenizer for 20 s. Homogenates were kept on ice for 15 min, 125 μl of 10% Nonidet P-40 (NP-40) solution was added and mixed for 15 s, and the mixture was centrifuged at 14,000×g for 2 min. The supernatants were used as the cytosol fraction. The pelleted nuclei were washed once with 400 μL of buffer A plus 25 μl of 10% NP-40, centrifuged, suspended in 200 μl of buffer C [50 mM KCl, 300 mM NaCl, 0.1 mM PMSF, 10% (v/v) glycerol, 1 μM pepstatin, 2 μM leupeptin, 20 mM β-glycerophosphate, 20 mM NaF , 2 mM Na 3 VO 4 , and 50 mM HEPES, pH 7.8], kept on ice for 30 min, and centrifuged at 14,000×g for 10 min. The supernatant (nuclear protein) was harvested and then stored at −80°C (Kim et al. 2010a, b) . Protein concentration was measured by the bicinchonic acid (BCA) assay.
Cell line and culture conditions
Kidney mainly consists of endothelial cells. Thus, we chose to use rat endothelial cell line, YPEN-1. In addition, our laboratory's extensive experiences with YPEN-1 cells were appropriated for molecular work on oxidative stress-related changes in our previous studies. YPEN-1 cells were obtained from ATCC (Manassas, VA, USA). The cells were grown in Dulbecco's modified Eagle's medium (Nissui, Tokyo, Japan) containing 2 mM L-glutamine, 100 mg/mL penicillin-streptomycin, 2.5 mg/L amphotericin B, and 10% heat-inactivated fetal bovine serum. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 /95% air. The medium was replaced with fresh medium after 1 day to remove non-adherent cells or cell debris.
Cell lysis
Cells were washed with phosphate-buffered saline (PBS) and then 1 ml of ice-cold PBS was added. Pellets were harvested at 1,000×g at 4°C for 5 min. The pellets were suspended in 10 mM Tris, pH 8.0, with 1.5 mM MgCl 2 , 1 mM DTT, 0.1% NP-40, and protease inhibitors; incubated on ice for 15 min; and then centrifuged at 14,000×g at 4°C for 15 min. The supernatants were used as the cytosolic fractions and the pellets resuspended in 10 mM Tris, pH 8.0, with 50 mM KCl, 100 mM NaCl, and protease inhibitor; incubated on ice for 30 min; then centrifuged at 14,000×g at 4°C for 30 min. The resultant supernatants were used as the nuclear fraction (Kim et al. 2010a, b) . Protein concentration was measured by the BCA assay.
Quantitation of redox status
Measurement of RS
A fluorometric assay was used to determine levels of RS, which included superoxide radicals, hydroxyl radicals, and hydrogen peroxide. Non-fluorescent DCF-DA was oxidized to the highly fluorescent 2′,7′-dichlorofluorescin (DCF) in the presence of esterases and RS, including lipid peroxides. For tissue homogenates, briefly, RS generation was measured as previously described in materials utilizing a fluorescence probe. Briefly, 25 μM of 2′,7′-DCF-DA was added to homogenates to a 250-μl final volume. Changes in fluorescence intensity were measured every 5 min for 30 min on a fluorescence plate reader, GENios (Tecan Instruments, Salzburg, Austria), with excitation and emission wavelengths set at 485 and 530 nm, respectively.
Measurement of peroxynitrite
Peroxynitrite (ONOO − ) generation was measured by monitoring the oxidation of DHR 123. Briefly, 10 μl homogenates was added to the rhodamine solution (50 mM sodium phosphate buffer, 90 mM sodium chloride, 5 mM diethylenetriaminepentaacetic acid, and 5 mM DHR 123). Changes in fluorescence intensity were measured every 5 min for 30 min on a fluorescence plate reader, GENios (Tecan Instruments), with excitation and emission wavelengths set at 485 and 530 nm, respectively.
Intracellular RS generation
For measurement of intracellular RS generation, cells seeded at a density of 3×10 4 cells/well in a 96-well plate were allowed to adhere overnight. Cells were then incubated in serum-free DMEM with 10 nM of Ang II and 10 μM of DCF-DA at 37°C. Changes in fluorescence intensity were measured every 5 min for 30 min on a fluorescence plate reader, GENios (Tecan Instruments), with excitation and emission wavelengths set at 485 and 530 nm, respectively.
Intracellular RS scavenging activity
Cells seeded at a density of 3×10 4 cells/well in a 96-well plate were allowed to adhere overnight. Cells were then incubated in serum-free DMEM with Ang II and/or an angiotensin receptor blocker such as losartan and telmisartan with 10 μM of 2′,7′-DCF-DA at 37°C. Trolox, a vitamin E analog, was used as a positive control. Changes in fluorescence intensity were measured every 5 min for 30 min on a fluorescence plate reader, GENios (Tecan Instruments), with excitation and emission wavelengths set at 485 and 530 nm, respectively.
Serum angiotensin II measurement assay
Ang II levels were measured using a competitive enzyme immunoassay. The immunoplate in this kit is pre-coated with Ang II antibody and the nonspecific binding sites are blocked. Ang II peptide competes with peptide in standard solution or samples (Phoenix Pharmaceuticals). The absorbance was detected at a wavelength of 450 nm, respectively.
Protein tyrosine kinase activity
Protein tyrosine kinase (PTK) activity in the tissue homogenate and cell lysate was assayed with Antibody Beacon TM tyrosine kinase assay kits (Molecular Probes). To detect the tyrosine kinase activity, samples were prepared in 1× kinase buffer (100 mM Tris-HCl, pH 7.5, 20 mM MgCl 2 , 2 mM EGTA, 2 mM DTT 0.02%) and mixed with the Antibody Beacon detection complex plus substrate in the 96-well microplate. ATP reagent was added to the plate and continuously incubated at the reaction temperature. Fluorescence was measured at multiple time points on the GENios (Tecan Instruments) with excitation and emission wavelengths set at 485 and 535 nm, respectively.
Western blotting
Western blotting was carried out as described previously (Kim et al. 2010a, b) . Homogenized samples were boiled for 5 min with a gel-loading buffer (0.125 M Tris-HCl, pH 6.8, 4% SDS, 10% 2-mercaptoethanol, and 0.2% bromophenol blue) at a 1:1 ratio. Total protein equivalents for each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 10% acrylamide gels as described by Laemmli (Laemmli 1970 ) and transferred to PVDF membranes at 15 V for 1 h in a semi-dry transfer system. The membrane was immediately placed into blocking buffer (1% nonfat milk) in 10 mM Tris, pH 7.5, 100 mM NaCl, and 0.1% Tween 20. The blot was allowed to block at room temperature for 1 h. The membrane was incubated with specific primary antibody at 25°C for 3 h, followed by a horseradish peroxidase-conjugated anti-mouse antibody (Santa Cruz, 1:10,000), an antirabbit antibody (Santa Cruz, 1:10,000), or an anti-goat antibody (Santa Cruz, 1:10,000) at 25°C for 1 h. Antibody labeling was detected using West-zol Plus and chemiluminescence Fluorchem TM SP (Alpha Innotech Corporation, San Leandro, CA, USA). Pre-stained protein markers were used for molecular weight determinations.
Immunoprecipitation
The cell lysates were subjected to immunoprecipitation in a buffer containing 40 mM Tris, pH 7.6, 120 mM NaCl, 5 mM EDTA, 0.1% NP-40, 0.25% deoxycholic acid, protease inhibitors, and phosphatase inhibitors. Three hundred micrograms of sample was incubated with 50% slurry of protein A at 4°C for 2 h for pre-clearing. After incubation, the samples were centrifuged at 12,000×g at 4°C for 10 min. Samples were incubated overnight with the respective antibody at 4°C, followed by incubation with a 50% slurry of protein A agarose at 4°C for 3 h. After washing of the immunoprecipitates with IP buffer, immunoprecipitated proteins were analyzed by Western blotting as described previously.
Immunocytochemistry
Cells were seeded on a 60-mm cultured dish and allowed to attach for 24 h. The medium was replaced with serum-free medium to observe p-p65 (Ser 276) and p-p65 (Ser 536) translocation to the nucleus without intervention by serum. Cells were incubated with or without Ang II for 30 min and then fixed in 4% paraformaldehyde in PBS, pH 7.4, and washed with PBS. Cells were blocked in ABS/0.1% Triton X-100/3% goat serum (ABS-TS) at room temperature for 30 min and incubated with primary p-p65 (Ser 276) and p-p65 (Ser 536) antibodies (rabbit polyclonal; Santa Cruz Biotechnology; 1:500) in ABS-TS at 4°C overnight. Cells were rinsed three times in ABS-TS for 10 min per time. Cells were then washed in ABS and incubated for 3 h in the presence of antirabbit IgG labeled with Alexa Fluor-488. Cells were washed in ABS and 1 mg/ml of Hoechst 33342 was added to label the nucleus. Images were acquired using a Motic® AE30/31 Inverted microscope (Motic Incorporation, Seoul, Korea).
Statistical analysis
For Western blotting, one representative blot is shown from independent experiments done in triplicate. The significance between group differences was determined by one-factor analysis of variance (ANOVA) followed by the Fischer's protected least significant difference post hoc test. Values of *p<0.05 were considered statistically significant.
Results
Changes in serum Ang II and renal AT1 expression level during aging To investigate age-related changes in serum Ang II levels, an enzyme-linked immunosorbent assay was used for measurement in aged rat serum. As shown in Fig. 1a , serum Ang II levels were significantly increased in aged rats compared with young rats. Next, AT1 expression levels were determined by Western blotting using anti-AT1-specific polyclonal antibody. AT1 is an important marker of the Ang II signaling-induced pro-inflammatory response. Agerelated changes in AT1 expression levels in kidney were assessed (Fig. 1b) and were shown to be significantly increased with aging. Thus, the results indicate that serum Ang II levels and AT1 expressions were increased during aging.
Changes in Ang II-induced redox imbalance in aging Ang II generates RS and oxidative stress during the inflammatory response via multiple signaling path-ways. To assess overall Ang II-related oxidative stress with aging, total RS levels were measured with a DCF-DA assay. DCF-DA is oxidized to fluorescent DCF by RS including superoxide radicals and hydrogen peroxide. The data showed a gradual increase in RS with age, especially in old rats, which showed a significant increase in fluorescence intensity compared with young rats (Fig. 1c) Changes in NF-κB activation through IκBα phosphorylation in aging NF-κB is a redox-sensitive transcription factor that is activated by oxidative stress. NF-κB is a well-known pro-inflammatory mediator in aging process. First, we investigated the phosphorylation levels of IκBα detected by Western blotting using an anti p-IκBα-specific monoclonal antibody. As shown in Fig 2a, the phosphorylation levels of IκBα protein in cytoplasmic extracts were increased with aging. We then determined that age-related increased IκBα phosphorylation enhances the nuclear translocation of p65 and p50. Nuclear p65 and p50 translocation levels were detected by Western blotting using anti-p65-and p50-specific polyclonal antibodies. The results clearly show that nuclear translocation of p65 and p50 was increased with aging. These results support the idea that age-related changes in Ang II increase NF-κB activation through oxidative stress.
Change in NF-κB activation through the phosphorylation of p65 with aging
The transcriptional activity of NF-κB is stimulated upon serine residue phosphorylation of p65 by various kinases. To examine the possibility that there was increased phosphorylation of p65, we investigated typical residue sites at Ser 536 and 276. It is known that Ser 536 residue phosphorylation of p65 is triggered by IKKαβ phosphorylation. Ser 536 phosphorylation levels of p65 and phosphorylation of p65-related cellular signaling were examined by Western blotting using anti-p-p65-(Ser 536) and anti-p-IKKαβ-specific polyclonal antibodies. As shown in Fig. 2b , Ser 536 phosphorylation levels of p65 were increased with aging. We also confirmed that IKKαβ phosphorylation levels were increased with aging, which correlated with Ser 536 phosphorylation of p65. Furthermore, we elucidated the Ser 276 residue phosphorylation levels of p65 with aging. A previous study reported that Ser 276 phosphorylation of p65 is Ang IIinduced NF-κB activation was measured in 6-, 12-, 18-, and 24-month-old rats. Ang II-related NF-κB activation through IκBα phosphorylation was measured by Western blot analysis using p-IKKαβ-, p-IκBα-, p50-, and p65-specific antibodies (a). Ang II-related NF-κB activation through Ser 536 phosphorylation was measured by Western blot analysis using p-IKKαβ and p-p65 (Ser 536)-specific antibodies (b). Ang IIrelated NF-κB activation through Ser 276 phosphorylation was measured by Western blot analysis using p-ERK-, p-MSK-1-, and p65 (Ser 276)-specific antibodies (c). Ang II-related NF-κB-dependent pro-inflammatory gene expression was measured by Western blot analysis using 5-LOX-and COX-2-specific antibodies (d). Anti-β-actin and anti-TFIIB antibodies were used to evaluate equal protein loading. One representative blot for each protein is shown from three experiments that yielded similar results. Results of one-factor ANOVA. *p<0.05, **p< 0.01, ***p<0.001 vs. 6-month-old rats. Ang II angiotensin II, COX-2 cyclooxygenase-2, ERK extracellular signal-regulated kinase, IκBα inhibitory κBα, IKKαβ IκB kinase αβ, 5-LOX 5-lipoxygenase, MSK-1 mitogen-and stress-activated protein kinase-1, TFIIB transcription factor II B and ERK was also enhanced (Fig. 2c) . These results clearly indicate that aging upregulates Ang II-related NF-κB activation through the phosphorylation of p65.
Changes in NF-κB-dependent pro-inflammatory gene expression in aging
To confirm age-related changes in the NF-κB-induced inflammatory response, κB-dependent pro-inflammatory gene expression levels were investigated. To determine NF-κB-related pro-inflammatory gene expression during aging, renal COX-2 and 5-LOX protein levels were measured by Western blotting using anti-COX-2-and anti-5-LOX-specific polyclonal antibodies. These genes are known to have an NF-κB binding site in their promoter regions and controlled by NF-κB regulation.
The results show that the protein expression levels of these genes were correlated with NF-κB activity (Fig. 2d) . To confirm the molecular mechanisms of Ang II-induced NF-κB activation, we further investigated these findings using YPEN-1 endothelial cells.
Intracellular RS generation and PTK activity by Ang II in endothelial cells
To investigate whether Ang II induces oxidative stress, intracellular RS generation levels were measured by the DCF-DA assay in YPEN-1 cells. Cells were treated with Ang II at various concentrations. As shown in Fig. 3a , b, Ang II induced RS generation in a dose-dependent manner. It was found that under these experimental conditions, no cytokines were generated. In addition, to confirm whether Ang II induces oxidative stress, we determined intracellular RS scavenging activity using ARBs such as losartan and telmisartan. The results showed that Ang II-induced intracellular RS generation was inhibited by losartan and telmisartan compared with a positive control, trolox (Fig. 3c) . These results also correlated with RS generation, suggesting an age-related increase in Ang II-generated intracellular RS. Based on the aforementioned data, to investigate Ang II-induced RS generation, we determined whether Ang II-induced ROS generation was affected by protein kinase activity. PTKs are known to be activated by RS-mediated redox regulation and enhance MAPK phosphorylation. To assess whether an increase in Ang II-related RS causes PTK activation, total PTK was measured using assay kits. The results show a gradual increase in PTK activity with Ang II, especially 15 min after Ang II treatment (Fig. 3d) . It is known that PTK activation directly phosphorylates tyrosine kinases such as the Src PTK family. Based on Fig. 3d results, upregulation of cSRC through its phosphorylation was determined by Western blotting using anti-pcSRC-specific polyclonal antibody. As shown in Fig. 3e , cSRC phosphorylation levels were increased with Ang II at 15 min after treatment. This result was in accord with results shown in Fig. 3d . The results indicate that Ang II activated PTK activity and phosphorylation of cSRC by inducing RS generation. Our data support Ang II-induced ROS enhance ERK phosphorylation via cSRC phosphorylation.
NF-κB activation by Ang II through IκB phosphorylation in endothelial cell
A previous study reported that Ang II activation of NF-κB is through the phosphorylation of IκBα, which leads to ubiquitination/proteosomal degradation of IκBα. To investigate whether Ang II activates NF-κB, phosphorylation levels of IκBα were detected by Western blotting using anti-p-IκBα antibody. Cells were stimulated with 10 μM of Ang II and cytosol and nucleus fractions were separated. The reasons for the use of a pharmacological dose were based on our preliminary experiments (data not shown) that showed Ang II-induced acute RS generation and NF-κB activation response within 30 min that required a concentration of at least 10 μM of Ang II in YPEN-1 cells. As shown in Fig. 4a , IκBα was phosphorylated at 15 min after Ang II treatment, and degradation of IκBα was detected at the same time in the cytosol fraction. Phosphorylation of IκBα induced the nuclear localization of the NF-κB complex comprising the p65 and p50 subunits. Translocation levels of p65 and p50 were assessed by Western blotting using anti-p65-and anti-p50-specific polyclonal antibodies in the nuclear fraction. The results show that Ang II increased the nuclear localization of p65 and p50 at 20 min following Ang II treatment.
NF-κB activation by Ang II through the phosphorylation of p65 in endothelial cells
Ser 536 phosphorylation of p65 by Ang II in endothelial cells
Based on previous data (Fig. 2b) , we found an agerelated increase in the ability of Ang II to induce Ser 536 phosphorylation of p65. Next, we determined whether Ang II induces NF-κB activation through Ser 536 phosphorylation of p65 in YPEN-1 cells. To determine whether Ang II induced Ser 536 phosphorylation of p65, cells were treated with 10 μM Ang II and the cytosol and nuclear fractions were separated.
The Ser 536 phosphorylation of p65 increased between 10 and 15 min after treatment and declined 20 min after Ang II treatment in the cytosol fraction. In addition, Ser 536 phosphorylation of p65 increased 20 min after Ang II treatment in the nuclear fraction. It was suggested that phosphorylated p65 translocates Intracellular RS scavenging activity was measured by DCF-DA using ARBs (c). PTK activity was measured by Antibody Beacon TM tyrosine kinase assay kits (d). cSRC activation was measured using Western blot analysis to detect cSRC protein levels in aged rats. Anti-β-actin antibody was used to evaluate equal protein loading. One representative result is shown from three experiments that yielded similar results (e). Results of one-factor ANOVA: *p<0.05, **p<0.01, ***p<0.001 vs. control group. Cells were stimulated by Ang II and incubated from 5 to 30 min. Cells lysate were analyzed by Western blot analysis using IκBα-, anti-p-IκBα-, anti-p65-, and anti-p50-specific antibodies (a). Cells lysate were analyzed by Western blot analysis using p-IKKαβ-and p-p65 (Ser 536)-specific antibodies (b). The protein-protein interaction between IKKα and phosphorylated p65 was examined by immunoprecipitation. One representative blot is shown from three experiments that yielded similar results (c). Cells lysate were analyzed by Western blot analysis using p-ERK-, p-MSK-1-, and p-p65 (Ser 276)-specific antibodies (d). Immunocytochemistry was performed using p-p65 (Ser 276)-specific polyclonal antibody. Ser 276 phosphorylation of the p65 protein was labeled with Alexa 488 fluorescence (green). Ser 276 phosphorylation of translocated p65 could be identified by nuclear staining with 1 mg/mL of Hochest 33342 (blue) for 5 min (e). Cells were stimulated by Ang II and incubated from 30 min to 24 h. Cells lysate were analyzed by Western blot analysis using COX-2-and AT1-specific antibodies (f). Anti-β-actin and anti-TFIIB antibodies were used to evaluate equal protein loading. One representative blot is shown from three experiments that yielded similar results. Results of one-factor ANOVA: *p< 0.05, **p<0.01, ***p<0.001 vs. control group. AT1 angiotensin II type 1 receptor, ERK extracellular signal-regulated kinase, COX-2 cyclooxygenase-2, IKKαβ IκB kinase αβ, MSK mitogen-and stress-activated protein kinase 1, TFIIB transcription factor II B to the nucleus. In previous studies, the phosphorylation of the Ser 536 residue in p65 was triggered by IKKαβ. Ang II-induced IKKαβ phosphorylation was measured by Western blotting using an antibody against phospho-IKKαβ. Phosphorylation of IKKαβ increased with Ang II treatment in a time-dependent manner (Fig. 4b) immunoprecipitation of p65 and Western blotting of IKKα showed that Ang II induced significant increases in IKKα in nuclear extracts (Fig. 4c) . Our data indicate that IKKα directly interacted with the p65 subunit of NF-κB in the nucleus, leading to the Ser 536 phosphorylation of p65.
Ser 276 phosphorylation of p65 by Ang II in endothelial cells
Based on the aforementioned data, we investigated whether Ang II induces NF-κB activation through another p65 phosphorylation residue. Cells were exposed to Ang II, and Ser 276 phosphorylation of p65 was determined by Western blotting using the Ser 276 phospho-p65 antibody. The results show that Ser 276 phosphorylation of p65 in the nuclear fraction significantly increased 20 min after Ang II treatment. It is known that Ser 276 phosphorylation of p65 is associated with ERK/MSK-1 signaling. We assessed upstream signaling for Ser 276 phosphorylation of p65. As shown in Fig. 4d , Ang II phosphorylated ERK in the cytosol fraction. ERK-dependent MSK-1, which is a downstream target of ERK, also increased with Ang II treatment in the nuclear fraction. These results suggest that Ang II is associated with Ser 276 phosphorylation of p65 by enhancing ERK and MSK-1 phosphorylation. Ang II-associated Ser 276 phosphorylation of p65 was also confirmed by immunocytochemistry using the Ser 276 phospho-p65 antibody. Cells were stimulated by Ang II from 5 to 30 min. As shown in Fig. 4e , Ser 276 phosphorylation of p65 expression increased 20 min after Ang II treatment. This result strongly supports previous results. These results therefore suggest a close association between Ang II-induced NF-κB activation and Ser 276 phosphorylation of p65.
Changes in NF-κB-dependent gene expression due to Ang II in endothelial cells To elucidate whether Ang II induces the expression of pro-inflammatory genes that have an NF-κB binding site in their promoter regions, Western blotting was done on Ang II-treated YPEN-1 cells. Ang II upregulates the expression of cyclooxygenase-2 (COX-2) which is known to have an NF-κB binding site in their promoter regions and to be controlled by NF-κB regulation (Umezawa et al. 2000; Jaimes et al. 2005) . Ang II-induced COX-2 gene expression regenerated RS and elevated glomerular endothelium damage (Jaimes et al. 2010) . The results show that COX-2 and 5-lipoxygenase were increased 6 h after Ang II treatment. As shown in Fig. 4f , NF-κB-dependent AT1 expression also increased 6 h following Ang II treatment. These results indicate that Ang II induces NF-κB activation and NF-κB-dependent expression of pro-inflammatory genes.
Discussion
Aging is characterized by the deleterious effects from many physiological mediators that deviate from their normal functions during aging. Aging affects the function and structure of arteries, the risk of cardiovascular diseases, and contributes to increased hypertension (Seals et al. 2008 ). In addition, altered renal expression of AT1 precedes the development of renal fibrosis in aging rats (Schulman et al. 2010) . Ang II, an important vascular constrictor, is recognized as a potent pro-inflammatory mediator that participates in vascular inflammatory responses (Ferrario and Strawn 2006; Muller et al. 2000; Ruiz-Ortega et al. 2000) . It seems clear that the production of RS and the activation of transcription factor NF-κB play major roles in the intracellular signaling pathways involved in RAS and Ang II-induced inflammation (Ungvari et al. 2006) . Recent studies have suggested their potential role in the activation of inflammatory mechanisms associated with age-related vascular and renal damage. For one thing, Ang II signaling increases with aging (Basso et al. 2005; Diz and Lewis 2008) . For another, suppression of Ang II signaling attenuates the development of age-related vascular diseases. Based on this rationale, the current study proposed that Ang II plays a role in age-related pro-inflammatory responses through its enhancing effect of oxidative stress, which triggers NF-κB-activated inflammatory pathways during aging.
First, we examined age-related Ang II-induced oxidative stress using rat kidney and YPEN-1 cells. Several studies have demonstrated that the proinflammatory actions of Ang II are promoted through AT1, which enhances inflammatory gene expression. Ang II-modulated NADPH oxidase-dependent ROS production leads to oxidative stress by several intracellular pathways (Touyz et al. 2003; Garrido and Griendling 2009; Hitomi et al. 2007 ). For aging, increased ROS have been proposed as the exacerbating agents underlying aging and age-related inflammation due to oxidative stress . Modrick et al. (2009) showed that in the absence of AT1, endothelial dysfunction did not occur in old mice, suggesting a novel and fundamental role for Ang II in age-related vascular dysfunction. While it is well established that Ang II produces oxidative stress in various tissues (Higashi et al. 2005; Lassegue et al. 2001; Seshiah et al. 2002) , the relative importance of Ang II and its ability to induce signaling that leads to vascular dysfunction with aging has been less well explored.
According to a previous study of Khan et al. (2008) , Ang II and AT1 interactions influenced NF-κB activation via ROS production, stimulating the nuclear translocation of the p65 subunit, DNA binding, the transcription of a NF-κB reporter gene, and IκB degradation. Our data suggest that increases in a redox-sensitive transcription factor, NF-κB and NF-κB activation in aged rat kidney, were likely due to Ang II-induced redox disturbances during aging. Studies in cultured cells (Mehta and Griendling 2007; Chai and Danser 2005) or in animal models (Atkinson et al. 1980; Zhuo et al. 1993) of Ang II-induced tissue injury further support an important role for NF-κB in mediating the detrimental effects of Ang II. Ang II is known to induce target organ damage in cardiovascular, hypertensive, and renal diseases by activating a number of pro-inflammatory cytokines, chemokines, and growth factors (Wolf et al. 2000; Endemann and Schiffrin 2004) . Furthermore, the Ang II-induced proinflammatory response has been shown clinically and experimentally to affect the onset, progression, and outcome of age-related vascular diseases such as atherosclerosis (Wolf et al. 2002; Manjunath et al. 2003) .
One interesting finding generated from the current study is that age-related upregulation ability of Ang II to activate NF-κB occurs by a different pathway in the kidney by causing enhanced Ser 536 and Ser 276 phosphorylation of p65. Although previous reports from our laboratory show that NF-κB activation through Ser 536 phosphorylation of p65 occurs during aging, the age-related molecular mechanism of Ser 536 phosphorylation of p65 has not been reported (Kim et al. 2010a, b; Lee et al. 2009 ). Our investigation into Ang II-induced cytoplasmic Ser 536 phosphorylation of p65 by IKKαβ phosphorylation during aging indicates that phosphorylation of Ser 536 on p65 occurred by p65 directly interacting with IKKα in the nucleus. Our evidence for Ser 276 phosphorylation of p65 increasing with age is of importance because of the lack of data that Ser 276 phosphorylation of p65 is involved in aging-induced changes in Ang II signaling. Our expectation that ERK/MSK-1 signaling is involved was confirmed by data in Fig 4 on age-related increases in ERK/MSK-1 signaling. Our data seem to indicate that Ang II modulated p65 signaling by phosphorylation at the Ser 276 site, which was not known before. However, whether the ERK/MSK-1 pathway in fact mediates Ang II-induced Ser 276 phosphorylation of p65 requires further clarification using specific inhibitors of ERK activation.
Thus, we now propose a new pathway by which Ang II leads to increases in pro-inflammatory signaling with aging: it occurs through the phosphorylation of p65. In the current study, we presented data showing that Ang II plays a role in aging through its enhancement of oxidative stress and expression of inflammatory pathways through NF-κB activation. Our data show that Ang II-induced NF-κB activation is related to the phosphorylation of p65 at serine 536 and 276 residues in the senescent kidney and in endothelial YPEN-1 cells. The significance of our study is that it documents the deleterious role of renal Ang II and AT1 during aging, a role that includes upregulating their activities and eliciting proinflammatory changes via NF-κB activation. Our study presents strong experimental evidence that the increased NF-κB activation observed in aged rat kidney is due to increases in Ang II and AT1 levels and that these increases may play a key role in the development of age-related inflammatory renal diseases such as glomerulonephritis.
